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‘J’cst-to-llnilurc of a ‘J’wo-Grid, 30-cm-dia.  Ion Accdcrator Systcm
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Colijfotwio  ltw(itute  of 1 ec}IIIofogp

l’awrdenn,  ColiJotwio

l“odclcrillir)c  tlicfailllrc  lllccllnrlisnt  andcrosion charactcristicsof  an ion accelerator systcmrlucto
erosion by char~c-exchange ions a test \vas pcrformc(l  in which a 30-cnl-(lianlctcr,  2-grid ion
mxclcrator  systm  was Icstcd to failure. ‘1’hc erosion ralc of the accelerator grid was artificially
cnhancc(l  l)yl)ct”forll)i[lgtllctcst  at av:lclllllll  clla:lll)cr  l)rcssltrcof 3. Sx10-31’a and byoperatingthc
cngincwith  an accclcrafor  grid vollagcof-SOOV. l’llcaccclerator  systclk} failc(l\Yl)cll  matcriallhat
was sl)[lttcr  (lcl)ositc(lorl  to thcscrccn  grid from thcaccclcrator  grid formed a flak which  shor[cd
the grids together. 1’0s1 test inspection indicated that the accelerator grid was also close to
structural failure at tbctimct his short  occurred. Analyses indicate the grid may have lost as much
as S8 g at tbc time of failure. Opcration  at the relatively high vacuum chamber pressure used in this
test al)l)ca[.s toliavc l)roa(lcr)cd  the radial mass loss profik  relative tothc radial ion lrcam current
profile. 1’0 a large extent, the charge-cxchangc erosion appears to remain witltin  the “pits &,
grooves'' l)attcrl]  tllatis  cstal)lisllc(l  i[lsllora[  tcr[]ltcsts.  Thccrosion  cllaractcrisiics obscrvc  (l inthis
test, howvcr, imply significantly shorkr  accelerator grid Iifc times  than typically slated in the
literature. Finally, the tcsf suggests that sfruclura]  failure is probably not lhc most likely first
failure mechanism for the accelerator grid.

introduction

The life-limiting conpncnl  for state-of-lhc-at 1, xcnon-
fcd, g[iddc.d ion c.ngincs  is curIcntly bclicwcd to bc the
accelerator grid of IIIC ion accckxator  sys(cm. “I”hc
conventional accelerator systcm under dcvclopmcnt  by
NASA lPattcrsoI~-1993  ]fortllc  30-ctl~diall~ctcr  io[~c1\gitlc
consists of two closely-spaced, dished molybdenum
clcc[mdcs.  The upslrcam  clcchodc, called the scrccn ~rid,
is typically 0.38 Inm thick and contains approximately
15,000 ci]cular  holes, 1.9 mm in diamclcr,  rcsullinc in a
physical open area fraction of approsimatcly  0.67. ‘1’lIc
accelerator grid, which is the downstream glid  as indicated
in Iiig. l,n~ayb cuplo60°  Athickc rthanth  cscrccngrid.  It
istyl~ically  fal~ricatd  \\’itlll~olcstllat  arc smallcrin  diameter
than tlmsc  in IIIC scrccn gl-id, resulting in a lower open area
fraction. T'tlcacwlcrator  grid isl]~aiIltaiI~cd  sc\'cralll~il~drcd
volts ncga(ivc of neutralizer common to both focus the ion
bcmnlc[s  throu~h the accclc.rater system  and {o prcven[
electrons cmi(lcd  try the neutralizer cahxk from
‘Itackslrcaming”  to the positive high vol[ap,c  engine.
-
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‘1’IIc useful life of the accelerator grid is limilcd  by
sputtcrcrosion  Oftllc  grid materially chal-gc-cxcllange  iol~s.
‘1’hcsc  ions arc crcatcd by charge-cxchangc collisions
bctwccl~  positive ions accclcratcd  from tllc  thrwc.r and
neutral propellant atoms in the inter-giid region or cwtsidc
ofthccn~inc.  ‘I’hc collisions result in fast moving neutral
atoms and slow moving ions. Depending on where. these
collisions iakc place these slow mosing posi[ivc ions may bc
attracted back to the negative accelerator grid where they
will slrikcit wi[ha maximum cncrg,y il~clcc[roi~l’oltsqllal
to the nc~ativc  potential applied to the jyid.

“1’hcncutral  l)rojElla]\l  atoIlls  \vllicll  lJartici~Jatc  illtl1csc
charge-cxchang,c collisions may originate as propellant
which cscapcd  from the engine unionized or they may’ bc
parlofthcb ackground  gasil]tl~c~’aclltlll~tcst  chambcrduc
totllcfil~itc  ~)~lll~~)illg  slx.cdof  tllc facility.  lnspaccthconly
atoms present will bc those which cscapc from the engine
unionized (cihcr through the grid apcrlurcs  or from the
neutralizer ca[hodc).  The effect of a non-zero background
pressure in vacuum chamber tests can artificially shorten tllc
useful Ii fcofthc  accelerator grid bya substantial anmnl  by
increasing the production rate of charge-cxchangc ions.

Altliougl) it is bclicvcd  that accclclator  g,rid erosion by
cllargc-cxchangc  ions is tl~c life-limiting mechanism for
xenon-fed ion engines, cxaclly  how tlic erosion malts in
grid failure is not knowII, lnthc  13 ycarsof  dcvclopmcnt
testing of l-arc-gas-fed ion engines by NASA, the long,cst test



of an ion cnp,inc  opcratccl oll x e n o n  with a tivo-grid
accclcIaloI  sys(cm  is only 900 hews [} ’atlmsoml  990].

‘]’hc rtcalth  of lon~ term test data, lof,clllcr  \villl
IJlojcctcd  IIlissioll-dic(atcd  cngillc  Iifc IcquiIcIIIcnts  o f
10,OO(I lIOUIS or more, have ncccssitatcd  ~hc extrapolation of
SIIOI( lCIIII  tcsl data by a( lcasl  an order of map,nitudc  in
o~dcr to cstimrlc the useful cn~inc  life. ‘I”his ptoccdoic  is
inhclcllt]y  inaccuraic  allcl cs(imalcs  of accclc[ator grid life
CaII easily wy by mote than a Pdc(or of two dcpcndill~ OH
the assumptions used to make this  lcIIg(lIy  cxtlapolalion
I’or cxamp]c,  tlIc accclctator  fyid life is cslima!cd  in Ref.
[1’al(clson-] 990] to bc g[calcr  thal~  11 ,S00 lIooIs  for the
NASA 30-cm cll~inc  operated on xenon io sp:icc a! 5.5 kW.
Using different assumptions wc dctcro~inislically  calculate
llIC time to slruchll-al  Pailutc  of tlIc accelerator ~rid to bc
oIIly  4600 hoots in space. ‘1’his  diffcl-cncc  in cs(imalcd glid
life atiscs  plima~ily  from tlIc mc of (iiffcrcll(  assulnp(ions
rcg,arding how to cxlrapohr(c  tlIc glid crosioll  pa(lcnl 10
s(ruc[ulal  failutc.

‘1’o dctctminc  the Iong-term behavior of (IIC accchator
glid c~osio]) ])at[crll  and to idcl)tify  tlIc failolc mccllanislll  of
the accclcralor  grid doc to charge-c.xchangc ion c~osion  a
ICSI was conducted in which a W-cm dia. ion cogilic  was
in(cntionally  operated until (IIC accelerator grid failed. ‘1’hc
rcsol[s  fronl  this test-to-failure also formed IIIC basis for the
closion model used in the probabilistic asscssmcn(  of the
accclcra(or grid life dcscribcd  in Ref. [1’olk-1993]

III this lcsl-to-failure tl)c accclcralor  grid erosion ra(c
\vas al[ificially  incrcascd  by Pcr-forlninc  tlIc ICSI at an
clcvatcd  vacuom chambct  pressure of 3.9x10-3 Pa (3x10-S
ton) al~d by opc[ating  wilh an accclcralor p,iid voltag,c  of -
S00 volts. Kryj)ton was used ins(cad of XCIIOII  in ordcl to
rcdocc tlIc COSI  of performing the test,

Amxlcrator  Gri(l Erosion Mo(kls

A simple model was used ill Ref. [PatlcIson-1990]  to
cx(rapo]alc  the accelerator grid ciosion  observed at the CIId
of 960 boors of opcralion in order 10 picclicl  tlIe tiulc  to
s(mc(otal failure of the g,rid, (harf,c-cxchanp,c erosion
norlnally  results in a “pils  & grooves” patlcro  011 tllc
dowlmhcam face of the accelerator grid as SI1OUO ill Fi~, 2.
“1’hc pits arc formed at IIIC locations which a~c cquidisla]lt
floli~  tllc ccntcts  of any three grid apcr(orcs,  ‘1’IIc groves arc
sllaigld  chal)ncls  tvl]ich COIINCC(  the pits alons  the p,rid
Jvcbbinp,. Ill tlIc locations )vhcrc erosion occurs, tlIc closion
rate is tlIc higtmt in tlIc pits  and 10WCSI  midway bcIwccI~  tlIc
pils alon~  tllc gyoovcs. Very lilllc  crosiol~ appears to take
place ootsidc  of this “pits & gIoovcs”  patlcrn,

in tllc  mode] of Rcf, [1’attcrso]l-l  990] tl~c n]illilnulu
ctoovc  erosion depth (i.c,, the crosio]l  dcptll  i]) tllc groove. at
tlIc midpoint bctwccn the pi(s)  was measured at the CCIIICI
region of tlIc accelerator glid, An erosion ]atc was tlICII
calculated by dividing tl)is  ctosio]l  dcptll  (whic]l  \\”as 76

Iniclons)  by the total  thms(cr  opcratinp, tilnc at 5.5 kW of
906 hooIs to p,cl 84 microns/kllr, Asson)ill$  this late is
comlant  \\’itll  time, tl~c model prcdicls  a time to structural
failu~c for tllc 360-n)  icro]i (Ilick g[id used iri this test of
4300 IIours (as s(atc(i  in [1’attcrson-l  990]) under the
conditions of the test. ‘1’IIc prcdic(cd lifetime of 4300 hours
undct tllc  ~roord test conditions is a factor of 4.7 times
Iorlgcr tharl  the actual tcs( duration at 5.5 kW. Rcfcrcrlcc
[}’allcrson-1990]  also stated that 17.? g of rl~atcrial had been
removed fron) tlIc accelerator grid as a rcsolt  of crosiml by
cllargc-cxchan~c  iorls o~’cr  the ccmrsc of the 906 hours of
opc.ration  at 5.5 kW and ar~ additional 51 boors at a variety
of tllrottlccl  conditions rcsultitlg  irl an average crosiorl  r:itc of
18.0 gfllw.  Assolllir)g  this mass loss rate is cons(ant  with
tinlc and rnol(iplyinc  it by 4.3 khr (the calculated time to
str-och]ral  failure) sujy,cs(s  (hat WOICH  the grid fails it \vill
lla~’c 10s( applosimatcly  77 ~ of material.

‘1’lIc kcy assurnp[ion irl this  IIIodcl is (ha{ the l inear
crosiorl  rate in tlIc g, Ioovc rnid~vay bctlvccll  the pits is
conslant  wilh time. I’hc kcy predictions arc that the grid
\vill  fail s(roc(orally  at 4300 IIours  ancl that WIICII it fidils it
will have 10s[ 77 f,, ‘J’hc assumption of a constant  lincat
gtoovc ctosiotl  Iatc is tllc siinl,lcsl  assomptiori  to make, bo(
i( may lead 10 a subs(an(ial  over cs(imation  of IIIC accclcra(or
grid Iifc. I’lIc accelerator grid test-to-failorc dcscribcd  in
this  paper provides sufl;cicnt ir~formation  to test the validity
of [his moclcl  by cxarrlinioc  both [hc assumption of conslaot
lirlcar  crosiorl  rate ar~d the prediction of the total mass loss
a( strocl oral failure.

Proposed Accelerator Grid F.rosion  Mo(1cI

An altcroativc  accelerator grid crosioll  model is based
on the assmp(ion that the accelerator p,rid  erosion takes
place orlly in tllc  “pits & grooves” regions even wlIcn the
gtid is CIOSC to s[ructura] fidilorc, It also assumes that the
IWISS removal late from the grid is conslant v’ith  tinm III
this model, tllc time to structural failure of the g[id is
dctcrinincd  by the time i[ takes to remove all of the grid
rllass  wi(llill  the pits & grocn’cs pa((crn al tlIc location on the
F,rid  WIICIC tllc ion corrcnt  density is the highest, To
dctcminc  this mass wc slarl  by calculating the total mass of
IIIC accelerator grid webbing,  1110,

where l’b is tllc radios of the actii’c  grid arc.a, la is tlm ~rid
!hickncss,  p is the density of the Crid material and q ~ is
tllc pllysica]  opcIl area fraclior~ of tlic  grid \vlIcIJ  nc~v. ‘1’hc
IIIaSS of tllc p,lirl  ~vcbbing  \vllicll  ~vould bc eroded if tlIc pits
& grooves pattcro were to erode cornplctcly Ihroupjh the grid
ovcI tlIc clltirc ac(it’c area is gi}’c]l by



Apparatus and Procedure

)lt~ ‘-  7tfj~(~p(l--4)”)(K, (2)

WIIMC u is the fraction of the grid wcbbin~ avsa cmFcIcci by
(hcpits&  p,ioovcsclosion  paltcrm assllowa in I;ig. 2. ‘1’hc
distribution of mass removal, howvcr, is not uniform over
tllc~,t idl~ca~lsct l~cdistriblltioIlo  fio[lcllrlcllt  to(hcg,rid  is
llol~-lllliforlll,  l~.il~g  tyj)ically  l~cakcdoll  tllccclltcrlil~  cofillc
tllllls(ct. Consequently, tlIc accclcra(or  grid \vill  fail
strac(urally  when llIC tolal  mass  removed is lCSS thaa mc.
I)cfil]il)~t  l)caccclcratorgtid  cllrIctll  flatllcss  l)araIllclcI,  Jo,
as the ratio of pcali  to average accclcralor grid cuIIcm
c!cnsity,  then structural faihrc of lhc accelerator p,lid will
OCCUI \\rllcil tllcfollo\\'illg  all~oll  I~(of~l idll]ass  islcll~o\'cd,

(3)

‘] ’his cquaticm  ill~plics  that the accelerator ~~id fails
s(luc(urally  wlIcI~ the pits & ~roovcs erosion pallcm  erodes
completely through tlIc grid at tlIc location of highest ion
cuIIcnt  dcnsily.

}’or tlIc nlolybdcnutn  gf-id of Ref. [Pat(cfson-1990],  rt, =
2S5 11)1)),  ~ ~ ‘ 0 . 2 4 . III addition, a value of u = 0.4 is
cs(inlatcd  fol this grid frolll  pllotogIaplIs  pro\riclccl  by NASA
1,c.RC  [J{awlin-] 993]. Assuming & is equal 10 the bcanl
flatness parameter. which is cs(in~a(cd  to bc 0.S, rcsuhs  in
the cstimatioa  that accclc.rater grid faihrc will  occur WIICII
ll~(ljl  ‘ 38 g, I’llis is considerably Icss than tlm 77 g
cstlmalcd  above. For the. operating conditions of Ref.
[1’atlcrsotl-l  990] the accelerator grid erosion rate was 18,0
g/kllr. 71us, this moctcl  prcdic(s  that the accclcl-ator  ~rid
would  have failed in approximately 2,1OO hours undcl IIIC
tcsl  conditions.

Adjustitlg  tllc malcrial  Icmoval ra(c f o r  conditio]ls
c.xpcctcd in space by rc.ducil~g tl~c accelerator ~,licl
inlpin~,cmcl~t current too.250/oo  flllcha]ll  carrcnt  rcsul!s  ill
al~rc.dictc.d  accelerator  grid lifcill  s1Jaccof46()0  llollIs.  This
assumes that the both the eroded am fraclion,  w and the
accclc~ator  g[id cmcnt  flatl)css  paramclcr,  ~a, arc the salllc
inspaccasthcy  arc in thcgyouncl  tcs(, and as s(atcd  carlic.r,
ii also aswmcs that the rate at which mass is removed flom
thcaccclcmiol  giidisacons(ant.

I’O tcs(  IIIC \alidi[y o f  tl]is nmdcl (IIC accclcralor gtid
tcs(-to-failure was cxccu(cd.  Onc of the primary objcclivcs
of this test was to dclcnnillc  IIIC accclctator  Fyicl  c~osioll
pa([c III as the grid approached s(IucIuIal  failuic.

‘1’hc  accelerator gricl tcsl-lo-failutc  was pcrformd  in a
2.4-III diall~clcl  by 5-IN 10IIS  slailllcss  SICCI ~’acuun)  chamber.
‘I’llccliall~bcr  iscclt]i])~~d  ~vitll  t\vo O.81-nldia,  oil difhsion
pIIIIIpS ailcl  OIIC 1.2-IN dia,  oil difhsioll  pLImp, laboratory
polvcr  supp]ics  \vcrc  used for all engine slall-up and
oj)cralillg fullc(iol[s. I’Iopcllal)t  flow Iatc control  was
accomplishcdusinga  precision prcssmcl  cgulatorand  three
Illicrolllc(cr  valifcs  (one each for (hc main flow into tllc
discha!gc  chanhcr, the flow though the discharge chamber
calllodc, :iIlcltllc  flo\\'tllrollgll  tllc  Ilclltrali~.cr  catl~dc).  The
ll~icIoll~ctcr\’al\~cs  were set to givcthc desire.d flow rates at
the lcp,ala(cd  pressure aud then f~mctioncd  as fixed flow
tcs[rictors  tl]ro~lgliolll  thctcs(.  ~’hc~’acuun~ facili(y and ion
cilgiilc  opcIation  WCIC moni(orcd by conqmtcr and wi[h llIC
capability to safely shuldow the cn~inc  or IIIC engine ancl
tllcfacilily  ifa fault is dc(cc(cd.  3“IIc primaryb cam target
was a \vcdgcd  shaped stmcturc covcrc.d in grafoil ~grafoil-
1993] in order to Icducc the amount  of lnalcIial  back
sputlcl-cd  to the cn~inc. ‘1’lIc  back spultcrcd  material \\ ’as
Iccordcd by glass sliclcs placed next to tllc thmstcr  during
the lest-to-failure.

‘1’lit”ustcr  Modifications

‘1’hc tcsl-to-faihrc was performed using a 30-cIn
dianlc(cr,  J-series [J-Scrics  }tcfcrcIlcc] tltrLlstcr  \\liiclll  lad
l)CCII  subs(an(ially  nmdificd to first operate on inert gas
rather than nlcrcary, and subsequently to make it
fullctiol]ally closer to a ring-cusp magnetic field
collfi~u[ation,  ‘1’lIc  modified configuration is conq~alcd  to
tl~c J-Sclicstl\~ustcl  in Fig. 3. An Alnico-S lin~magnctwas
adclcd to the back plalc of Ihc thru.stcr.  I“hc cathode pole
piccc \vas ll~odificd  to clinliltatc  tlIc baffle and bafl]c  supporl
structure., A mul(iorificcca  tlloclc  lAIInlIal  RcjwI-1-1990]  tvas
used for the main discharge chamber cathode. “J’hc
cylindrical al~odcwass  llor(cncdby rcll~o~’itlg  a~~~)roxil]~atcly
301111  tlf~O1l~t llcdo\\’l)s(rcaIllc  lid, Asccond anodcclcctrodc
was a(tdcd to the upslrcam  cnd of the discharge cllambcr.
“1’liis wasllcl-shpcd clcclrodc was positioned jusl
do\\!ls(~caIl~o ftlIctllrl)slcrb  ack-l~latca lldco\'crcd  tlwrin~
mag,act placed tllclc, I;i Ilally,  a Iing of Alnico-8  n~ap,llcts
was adclccljus(  oulsidc  the anode pole. piccc  as indica(cd  in
thcfifyrc. 'J'llis  rill~of lll:igllcts,  alotl~\\'itll  tllcallNl(;  ~lc
piccc \YcIc  maintained at calhocic  potcn[ial  throughou~  the
tcsl.



Accclcralor Syslcm

‘1’llc accclctalor  sys[ctIl  used ill the lest-to-failu~c was
fmn  cmc of the 30-cm,  J-Series thrus(crs hilt in the Mc
1970s .  ‘J’hc  gyids arc l)onlilmlly  0.381 111111  thick. “1’lIc
scrcrxi g,lict and accelerator ~Iict apcrlurcs arc 1.91 and 1,14
null  ilI cti:lllmtcr  rcspcctiwly.  ‘1’lic accelerator systcl  Il liact al I
unk IIown amount of opmaling Iimc OII it prior to this tcsl.
‘1’lIC  illitirrl  condi(io]ls  of the accclcratot  giicl arc slIo\wI  ill
F’ig, 4. ‘]’hc  normal pits & p,roovcs  pattcrll  is visible in all
three of these photographs. At ll\icl-radius  the. gIoovcs
appear as Iit(lc  more than a discoloration of Ihc smfacc.  ‘]’hc
pits at tlIc ccIItcr of the grid were cstin~atcd  by inspection to
bc a only small flaction  of the ~rid thictmcss.  ‘1’hc cxacl
amount  of lwrtcrial  removed from the accelerator grici  as a
JCSII1[  of tcs[inf, Pcrforlncd  pl-ior to lIIC tcs(-to-failure is
unklio\\’11.

Rcsulls  and Discussion

Opcrating Characteristics

‘1’hc pcrvcancc charac te r i s t i c  fo r  t h i s  thmlcr
conti~,m at ion is given in Fi~. 5 for opcral  ion at a beam
currcllt  of 2.8 A \vitll  klypton propellant, “1’lIc pcrvcancc
limit is apploximatcly  1100 V, \\fllich  is collsislcn[  with a
beam flatness paramclcr of 0.55 (for a gricl gap of 0.61 mm).
‘1’hc Icsl-to-failure \\fas pmformcd \\’itll an accelerator F,rid
voltagcof-SOO  V. “1’hc largcncgativc  volta~c  was used to
artificially accclcratc  lhc accelerator ~yid erosion. ‘1’lIC
scrccn  grid volla~c  was maintained at 1050 V through out
JIIOS(  ofthctcst  rcsultingin  a total  voltagcof 1550 V. “1’his
is well away from the pcrvcancc limit  of the accclcralor
SySICIII and was done to minilnixc  direct ion ill~pingclncnt
on the accclcra(or  grid.

I’IIc opclating  parameters as a ftlnc[ion of time a~c
gi\’cn in  }’i~, 6 for the test-to-failmc. ‘llIc nominal
opclat illg conditions alc sunmarizcd ill ‘1’able 1.
Si~nifican(ly,  Ihcrc was no lon~ term vatia(iol)  in lhc
avcragcvalucof  tlic  accclclator  grid curlcnt  ow tllc  course
of this test as indicated in l;ig,  6. Of equal sir,nificancc,
thcsc  data indicatctha( IhcIc appeared tobc no subshn[ial
changes in any of the kcy performance pa[amctcrs:  beam
cunclll, dischalgc  vo]tap,c, propellant flow rates, and
coupling voltaf,c. ~’his is remarkable in view of IIIC
substantial amount of erosion sustained by tllc accclcratoI
grid as will bc sho\wI later.

‘]’hc vacuum chamber pressure varied cyclically bclwccn
6.7 and 8.0 x 10-3 Pa [air] (S al[d 6S 1 0-S torr) \\itll  a
}wriodof  a}~l)roxiI~~a(cly  91~lil~~ltcs  tllrol]~llollt  thctcsl.  ‘1’hc
reason fol this  variation isllot  known. I;or thccondi(iollsof
this  test the accclc.rater glid current had a scI\siti\’ity  to tank
prcssurcof 12.7 IiIA/l O-s tori  as indicated ill l;ig. 7. “J’llis
rcs\lltcdil  ltllc.cy  clic\'ariatiollil  \t!lcac  cclcI:ltorF,  licl Cuncht

SIIOIVII  it) l;i~, 8. “I’llct\~o  sc[s of data in [his  fi~urcprovidc
two rcpIcscnta(ivc  samples of Ihc shol-l  lctm variation in
accclcralor  fyid currcn[  }vilh tilnc. ‘1’hc average accelerator
glid cuI~cnt WHS dc(cllnincd  by integrating under IIICSC
cur\’cs  allci  dividing by (}IC period. ‘1’hc a\~cragc  value
clc(cl-mined il~tl\isll]ar\llcr\vas3S  mA,

‘l”hc  higll\’Olt:lg’,C  rccyclc  rate asa funclion  of Iiuw allct
the cumulative number of rccyclcs arc ~ivcn in Fig, 9.
I’IICSC data clc.arly indicate that for most of the test tl)c
Iccyclc Iatc was considcrab]y  highcrthan  that ofothcr  long
duration tests ~llawlin-1988,  Patterson-1990, l\roplly-1992].
It istcI~ll)tillg,  toattrit)l)tc  tllclligll  rccjclcm  lcto(l]cral~id
accclcIator  F,ricl erosion cspcricnccd  during,  this test, but this
is by no means a certainty. }Iowcvcr,  coIllJ>lCtc rwllctratioIl
of the accclclator  p,rid webbing in (lIC “pits” at tlic ccntcr
rc~ion of the ~rid occumd in ICSS than 14S borrrs of
opcxation.  O n c e  pcaetration  of tllc g[id has  ocmrrcd
continued ctosioll  of tllc accelerator grid can result il) tllc
clcpositioll  of accclcralor grid material on the scrccu grid.
‘1’llis  added lnatcrial  can tllcn cause an illcrcasc  iu the
Iccyclc latcbyscrving,as  Iocationsfortl]c  initiatiotl  of grid-
to-p, rid arcing.

Although tllc  rccyclc rate was very higtl,  the total
numtm  of rccyclcs  cspcricnccd  during this relatively shor[
test may bc comparable to that cxpcricnccd  by a thruster
opcratcd  for 10,OOO llours\vitlla  “normal” (i,c. nmcb Iowcr)
rccyc]c Iatc, ‘1’lIus, tlIc effect of recycling (if any) cm the
accelerator gricl  crosioa lnay have been fortuitously
accounted for ill this accclcratcd test.

Aflcr 14S hours of opuation a grid-to-grid snort
dcvclopcd “1’l~c  test was stopped and tbc grids were
removed flonl the tllrus.(cr body. A substantial numtw of
nlctallic (s[ccl) flakes were found in the discbargc  cbambcr.
“1’llis  nm(crial was sputicrcd  from the anode pole picm and
resulted from operation at a discharge voltage of 42 to 43
\’olIs. ‘1’antalum  foil was spot \vcldcd  over (IIC anode pole
piccc asscllhly  and 110 furlhcr  dift’lcultics  with discharge
chanLcr flake folnwion were cncountcrcd in the test, Since
it \vas Micvcd  thal the grid shor(  was caused by a flake of
m:itcrial from tllc  discharge cbambcr  and not a result of
accclcra(or  grid CI osion, the short was clcarcd  by blowing
compressed dly ]Iit[ogcn  bct\vccn the grids. This clcarcd  the
shorl without  necessitating the disassembly of the
accelerator systcm. ‘1’his  opportunity \vas also taken to
pllotof,rap]l  the accclcralor  grid and to wcig,ti tllc entire
accclclator  assembly. “1’IICSC  photo~raphs  wcIc taken at Ihc
cclltcr  ald apptoxima[c]y  Illid  radius and alc SIIO}VII in ]iig.
10.

ltailurc Mcchar)ism

“1’l~c  test Jvas tcrlninatcd  af[cr 633 hours of operation
I\lICII a pcIInancn(  grid-to-grid slIoI-t  dcvclopcd. At this
point the th ustcI JYaS rcmoycd  fronl  the vacuum  syslcIII and
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p:ir(ially  disassmhlcd,  ‘1’IIc  soulcc of (IIC SI)OI  [ was traced  to
flaking of ma[crial  sljll((ct-dcl>ositc[l  mI the SCICCII ~tid f]om
(lIC accclcla[or grid which tl~ci]  slmrlcd llIC gr ids . “1’lIC
location of this sputter-deposited material \\’as a wrprisc.
lnspcclion of tlIc accclcra(or grid Icvcalcd  a circular (rcmll
eroded completely through the accelerator gl-id at a location
approxinla(cly  8 IIlnl outside  of’ Ihc ou(crn)osl  IiIl~, of holcs;
a location which is just  inside of the II) of tllc  accclcla(or
grid slifTcnin~  rill~, This trclvdl cxtcndcd  OVCI al II~os( (WO
thirds of the circmfcrcncc  as indicated in l;ig.  1 I and
thrcatcncd to sc\’cr the accelerator gricl f[om its s(iffc]lillp,
ring.

‘1’IIc time at which this tlcnch  complc(c]y  pcmttatcd tlIc
accclcmtor  grid is unknown since such pcnctralion  could not
easily bc dctcckxl from oulsidc  of the vacuum systcm and
since the authors did not how to look for substantial
crosioll in (his  location. Once the Ircnch cIoclcd through (I1c
~rid, fw(hcr erosion resulted in (IIC deposition of sputtclcd
malctial  OII llIc sclccn fyicl. II is (Ilis IIlalcl ial \\hich
shccIucntly scpara(cd  from the scrccn  grid and shorted the
~rids together. AII cxtrmplc of sputlcr-deposited lnatciial
bcgilllling  to flake off ftom the SCICCII  grid at (his  location is
sho\vn  in l;ig. 12..

AI(I) ouF,II  this flaking pllcnon~cna  was the failure
mechanism for this test, the ccntcr  rcf,ion  of the accclcl-alor
g[id \vas vcI-y C1OSC to structural  failure as \vill bc slIo\vIi in
the following scclion.  Significantly, ho\\’c\’cr,  the aclual
failu[c  mcclmnism  was conlplctcly  uncxpcctcd.  It is likely
that this failure mechanism is an artifact of operation at the
clcvatcd  tank pressure used in this tcs( to accclcratc  tllc
erosion process, although this is IIot a ccr(aillty.  A silnilat
~Ioovc ctosion  pattern was no(cd  in a 1 S,000 hour tcsl
performed wilh mercury propellant at a much lo\vcr
backF,I ound  pressure, but the total amount  of erosion in this
gyoow  was considerably lCSS than in the p!cscnt  tcsI. OIJC of
IIIC kcy values in performing a test-to-failure such as the oI~c
dcscribccl  in this papCI-  is that it may mcovcr  ul~kno\vn
failure mccltallisms. II) performing probabilistic failure
analyses of the type dcscribcd in [Polk-l 993], ncglcc(ing  to
include a kcy failure mechanism can lead to potentially
disastrous results by giving OIIC an O\rCIIy  optimistic
estimation of the thruster reliability.

IDost-’l’csl  Accclcrator Grid Analyses

A CIOSCI  vic\v  of tlIc accelerator gtid is gi\’cn in l;ip,,  13
and shows that the char~c-cxchangc pits had pcncttatcd  the
grid out to a radial position \vitllil\  11 holes of the cd~c of
the ac[ivc glid area. CIOSC-UP,  post-test photoglapl~s  of the
accelerator grid alc Sivcn  in ~ii~!. 14. “IIICSC photographs
ciocumcnt  the cxlcnsi\rc  erosion sustained by tllc  f:licl.  At
the ccIItcI region of (1IC grid the charf,c-cxchangc pits have
gIo\vI~ ill tl~c directions along the grooves to lIIC point \vllcrc
oIdy small bl-idgcs  COIIIICC(  the uncrodcd  rcgiolls  of the grid

\\ ’cbbillg  and keep tlIc F,rid  from fallillg  apart. “1’hc
plIo(op,  Iaph in Fig, 15 SIIOWS  a location w]lcrc  onc of tllcsc
bticiscs  was eroded through. 011 the siclc of the g[id
aperture opposite of this location a substantial amount  of
p,ri(i \vcthiIlg  still exists ill tlic groove indicating a stron@y
asylnmc[ric  erosion pa(tcrn  around  this accelerator grid
llolc.

‘1’IIc scrccn  and accclcra(or  gI i d s  w e r e  wc.ighcd
iIldi\’idu:illy  and as all assembly before and aficr  the tcsI and
also at run hour 14S (assembly only). “1’IIc  resul(s  of i.hcsc
lt~casurclnc]lts  arc F,ivcll  in I’able 2. ‘1’IICSC  data iodicatc tl~at
the scrccn  gricl F,aincd a total of 7.4 .g and the accelerator
~lid 1OS(  42.7 E O\rCI  tllc course of the (m, 1’IIc  increase in
the mass of the scrccn  grid is bclicvcd to bc the result of the
dcposi(ion  of material sputtered from tllc accelerator giid  by
charge-cxchan~c ions. Witness s] ides positioned near the
cnp,inc lcco[dcd a clcposition  rate of stainless steel from tlIc
vacuum facility of approximately 2?0 pmhdlr. For the total
duration of 633 hours this would rcsmlt  in the deposition of
approximately 13 pm of s(ainlcss  slccl on the accelerator
systcm.  Note that the vast  majority of the matcfial  deposits
arc stainless steel c\’cII  tlloup,h tlIc talgct  material is carbcm
(in lhc folm of fyafoil).  I’hc s(ainlcss  steel is bclicvcd to bc
sput(c~cd from the sides of the vacuum  chamber by
divcrgct~t beam ions,  I’his s(ainlcss  S(CCI is Icmovcd by lIIC
chalgc-cxchancc ions in the “pits & grooves” erosion sites,
but dcposils  of stainless steel can bc found at IIIC outer radii
of tllc accelerator grid ill the rc~ions of the ~rid webbing
surrounding c.ach IIOIC  where lit(lc  crosiol~ takes place. ‘1’IIc
upper limit for the mass of stainless steel dcposikd  011 the
periphery of !IIC accelerator systcm is cs(imatcd  to bc no
more than 1 or 2 grams, 3’hc mass of s(ainlcss  steel
dcposi[cd  over hc active accelerator grid area, M not in the
pi[s  & ~roovcs pattcnl,  is cstin)atcd to bc lCSS  than 1 g.

Af(cr 145 hours of opcrat ion (1IC total accclcralor  syslcm
had lost 8.5 g, Since the photographs in Fig 10 indica(c
that lIIC charge-cxchangc pits had only just begun to
pcnc[ratc tlIc g,rid  it is bclicvcd that tlmrc  was very little
accelerator g[id  material deposited on the scrccn grid al this
time. l’hcrcforc,  if w neglect the erosion of the SCICCII  grid
by the discharge chamber plasma and at(ritmtc  all of the 8.5
g mass chanp,c  to erosion of tllc accelerator g[id, then I\’c get
a maximum accelerator grid erosion rate of 58.6 g/khr  over
tllc  tilst  14S hours. ‘1’IIc 42,7 g of accelerator grid erosion
cxpcricllcc  o\w the cn(irc. tcs( results in an average
accelerator grid erosion rate of 67.9 gkhr. Since the
accc]crator  grid voltage and impingcn~cnt CLIIIClIt were
constant  o\’cr the test, this suggests tllal the material
rcnloval rate may bc a function of tlIc gI id webbing
gcomc[ry  which chances as the grid wears. If this is the
C:ISC, it sl]ggcsts  tlla( IIIC usc of mass 10SS rates obtained from
rclali\’cly  sholt  t e r m  tcs(s  \vill rcsul(  i n  ah oplilnistic
calculation of accelerator grid life..
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‘1’hc  plmtogiaphs of the upsltcam sictc of (IIC accclcla(or
F,tid  f,ivcn in Pig. XX inclicatc  cllamfcrit)~ of (I)c tll1ougll-
pi[s, ‘1’his  chamfering is presumably c[catcct by cliar F,c-
cxchan~c  iom which have passed through the. C1-odcct  holes
and (hen alc attractcct  back to (hc accclcra(or  fyicl ‘1’his
chamfctinfi  of the accclcra[or  Clid  is ml accoutltcd for in the
moctcl rcprcscntcd  by h. ( 3 ) ,  \vlIich  sup,F,cs[s  that tllc
predictions of this  model maybe commra!ivc.

Mass 10ss I)islrihlliol)

I’IIc distribution  ill mass loss as a fullctiol]  of raclial
posi[ion  was dctctmincd by cutling  the glid in[o 7 conccn(l ic
rinp,s. “1’hc clcc(ric  discharge machil]ing  ploccss  used to
make these cuts has a cut wid(h of approximtcly  0.3 mm.
l;acll  ring was then \\rcigllcd. I’]Ic rcsul(s o f  llmc
mcasurcmcnts arc gi\’cn in “1’atrlc  3. ~’hc colomn  labeled
“calculated Mass When New” in this Iablc was dclcrmincd
hy calculating the f,tid mass of the glid \vcbbing  area Mllcn
the F,iici  \vas ncw based on the mcaswcd  glicl thichcss  of
360 microns. ~lc tllicklicss  of the accclc]atol  f,lid  \vas
nlcasurcd  af~cr (1IC ICSI at the location of the g[icl co\’crccl by
Ihc acccicrator gyid s[iffcning  ring. 11 is cx[rcmc]y  unlikc]y
thal  any erosion or deposition has hkcn p]acc al ll~is
l oca t ion .  ~orrcclions  in IIIC dc(crminatio]l  of tllc  “Hc\v”
wcbbinp, mass incloclcd accounting for the III}M CM \\idlhs,
and adjmtmcn(s  for the initial non-cylindrical hole shape
\\hich  is prochccd  by the 50/50 chemical clcllilig  process
used to form the holes. The mass loss for each ring is (hen
~ivc.n by the diffcrcncc  bct\vccn the “calculalccl  Mass WIICII
Nc\\f” and the mcas.urcd  mass. IJividing these ll~ass  loss
values by the spherical wrfacc afca of each ring gives the
mass loss pm unit area (g/cm2)  which is plot(cd  ill l;i~. 16.

‘1’hc mass loss dis(ribolion  of I:ig. 16 lMS a flatl~css
paramctcl (ralio  of a\wrap,c to maximum mass loss pcr unit
area) of approximately 0.71. ~“hc beam cu[fcn[  flalncss
paramclcr  was IIOt ]ilcasurcd for this  cng,illc collfi~uratioll,
but it is un]ikcly thal it is a large as 0.71. As mentioned
above, the pmvcancc data for the accelerator sysIc In is
consistent \vi(ll a beam flatness paramclcr  of 0.5S. 11 is
belie\’cd that lhc flatness parameter for the mass loss
dis(ribulion  may bc larger than Ihc beam flamcss  paramc(cr
as a Ycsull of operation in a vacuum facility \\’ill)  a non-zero
bacicgtoulld  pressure. Monhciscr and Wilbur  [Monl~ciscr-
1993] suggest that with flni(c vacuum chambcl  plcssurcs,
chatgc-cxchangc  ions crcatcd  fa[ dowwdtcanl  of tlic cng, inc
may slill  rcacll tlIc accclcr’alor  F,rid. l“llltilclmoIc,  tl)cy
argue that lhc flaction  of these ions which leach the
accelerator glid is a fmclion only of the \’ic\v fac[c)r back to
the engine. li\cn if this model is only qualihti\’cly  CO IICCI il
suggcsls  t ha t  ch:ifgc-cxchangc  iom cicatcd  n e a t  t h e
ccl~lcllillc  of tl)c lhrm[cl-  far downshcam of IIIC accclcla[ot
gtid IIlay sllikc  Illc accc]cralor  p,lid at a ]ocaliolls  OIIICI (1]:!11

n e a r  IIIC cclilcflinc,  lIIUS broadcllillg  tlIc radial  closion
pIofilc, As a rcsul( it is cxpcc(cd that OIIIY in space will  the
nlass removal protilc bc tllc same as the beam CIIIJCnI
dcllsity profile. };urlhcrmotc,  this cfTccI implies thal gtound
tests may bc lllislcadin~  to the CMCM (hat tlicy can imply  a
lonp,ct F, I id Iifc than would actoally  bc achic\’cd  in space
unless Illis  crc)sioll  profile lnoaclcning cffcc( is corlcc(ly
taken inlo  accounl.

“1’lic cumulative mass loss as a function  of radial
posilio]l  is F,i\’cll  in 17ig, 17. I’llis  fi~utc  indicates tht half
of (IIC mass loss Occullcd  over the ccnttal  Icgion of the grid
out to a Iaclius of 89 mm. II) conttas(,  for the accelerator
F,ricl fronl IIIC Ref. [} ’a([crsom199(J]  tcs[ half of tlIc grid
ciosion  occurlcd otrcr tlIc cciural  region OUI (o a radius of 60
mm, and for [IIC lCSI  of Ref. [Rawiin-1  988] half of the mass
loss occurlcd over Ihc inner 75 nllll of (1IC  F,[id [l@!rlin-
1993]. ‘1’hcsc  three tcsIs  \\c[c  performed cm three difrcrcnl
discharge chambers and tvilh two different propellants so it
i s  dift~cu]t to collcrc(cly  cs(ablish  lhc lcason  fo] Ihcsc
ciiffcrcllccs.  Again, it is onlikcly  (hat IIIC b e a m  flatilcss
paratnclct  \\as significantly greater in lhc present test than
for cilllcr  of tlic olhcr t\vo tests.

lntcg,ratiu~ the. mass loss profile in Fig 16 l-csults in a
total cstimtcd mass ioss flom the accelerator grid’s pris(inc
conditiol~  of S8 g, “1’hc  mass change dctcrlnincd by dirccl
mcasulclllcnt  before and af(cr (hc tcs(-io-faiiurc  was only
42.7 p,, Acijuslin~  tl~is mass by approximately 1 g 10 accootlt
for tllc staililcss  steel dcposi(s outsictc  of tllc  ac(ivc g[id area
suggests that  the accelerator grid mass change over (hc 633
IIour tcs( sllo[lid  bc aboot  4 4  g. “1’his leaves 14 g
unaccountc(i  for (tllc  ciifTcrcncc twwccl~ 58 and 44 g). Most
of this diflcrcncc can probably bc at(rihtcd  to the initiai
crosioll  on Ihc gricl prior to llIc test-to-faiiorc. lt is unlikely,
ho\vcvcr, [lint all of it could bc attritmtccl  to the initial
condition. ‘1’hc inlc~ratcd mass loss value of 58 ~ depends
on the initial thickness of the accelerator grid, as WCII as the
clcnsi(y  of tllc gl id ma(crial “1’hc  iack of kno\vlcdgc  of tlic
initial thiclmcss  and ils un i fo rmi ty  intlociuccs  an
uncertainty of a fc\v grams  in the dctcrininatiotl  of tl~c
integrated ]nass loss, l’llc grid ~vas fab!-icatcd from arc cas(
ll~oiyl)dcnum,  so it is likely tl]at the dcnsi!y  of molytxicnum
is C1OSC to its lnaximum value (a quick check of the giid
material density \\ras pcrforll~cd and \’cI ifrcd this to bc the
case), IIccamc  tl~c test-to-fai]urc tcs[ did nol begin \vi(ll all
accelerator El icl ill pris(inc  collciition,  tile  integrated mass
loss value of S8 g is bciicvcd to bc a more acculatc
rcprcscnlatio]l  of llIc n~ass loss 10 slmctural  faiiulc  (sl.a[ling,
froll~  a nc\v condition) than (1IC --44 F, mcasulcd mass
cllal]~c.

Usinc l;q.  (3) to caiculatc  the cxpcc(cd glid mass loss at
stfuclmi  faiiu]c  rcsul~s  in a value of 63. S g, WIICIC lhc
follo\\illp,\  r:iillcs\ vcrc(lscd:  r~, ‘ 14?. S 11111),  /.’ 360~llD,
q) ~’ 0.?4, (1 ‘ 0,5. anci,fo’ 0,71. “I’llcvalucof  071 fo[
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tbc t-latllcss  palamctcf  \\’as Ctclcrlllincct  by tllc n)ass  1 0 s s
plotllc  in l’i~, 16. ‘1’llis  is tlIc coricc(  value to usc in liq.  (3),
hut it i s  somcthiag  thal caI1’1 cmcally  bc ctc(crmiacd  a
plioli  fo[ gioond tmccl  [CSIS. As nlciltioncd  abo\’c, llo\vc\wr,
fol in-space opcratioll,  tlm beam currcnl  ftatl~css  paran~clct-
slIould  accula(c]y Icprcscnt Ibc radia l  n)ass  l o s s  f l a t n e s s
paran]clcr,

ltrosirm l’at(crn

‘1’lIc  clodcd  a r e a  flac[ioa 011 tlIc accclcra[or  ~,lid UIaS
calculated flon] mcawrcmcnts  taken from plIoIogiaplIs  of
lllc  ~lict al ctifl’crcn(  locations rrficr 145 and 633 llouts of
opclalion.  ‘t’hcsc mcasutcmcnts,  gi\rcn in ~’able 4, iudicalc
aa clodcd  alca fraction  of approxima[cly  0.5. 102.alalkab]y,
IILCSC  d:i(a indicalc  that the eroded area fraction dots 1101
appear 10 bc a funclion  of radial positioIl  or I(III lialc  as
a s s u m e d  in the mdcl rcprcscntcd  try l;q,  (3) . ‘1’llc
di fic[ cncc bcI\!cca  IIIC crocicd atca frac{ioa of 0.50 measured
al tlm ccntcr of IIIC Et id af(cr 145 hours and tl)c \’aluc of ().48
m e a s u r e d  a t  (1IC saII)c Ioca(ion  af(cr 633 IIOOIS is an
indication of tbc uncertainty ia tlic proccdarc used to
dclcrlllillc  llIcsc valacs,

‘]’hc  eroded area fractions from tllrcc other accclcra[or
glids  roll for cxlcadcd  pcliods  of time arc given in “1’able 5
and compa! cd to that obtained for the tcs~-to-failwc.  ‘1’hcsc
data ildicalc  110 clear cmrclalion  of croclcd area flac[ioll
with any of tl)c paramc[crs lis(cd  in the table. ‘l”lIc c~odcd
alca frac( ion ffolll  Il)c tcs(-to-failure is ]10( oatsictc the ranr,c
of wlucs givca by these olhcr Icsls.

‘1’hc t!r id ri]~gs  dcscribcd  carlict- \vcrc cot approximately
alow, radial lines in order to mcasorc the thickacss  of the
webbing as a func~ion of radial position. ‘1’llcsc
mcasurcmcnls  WCIC m a d e  using  a  scanninp,  clcctroll
]I]icroscopc. At cacb radial loca~ion the maximum ~rid
webb ing  tllickncsscs  were mcasulcd  ill the c[odcd and
“ulic[octccl” rcgiom o f  (1IC p,rid, ‘1’hc n~axillmm g r id
thickness in tlIc eroded region colrcspc)llcts  to IIIC (Ikickllcss
of Ihc “bridge” \\fllicl\ Sappo]-ts (I)c g,rid near slruclata]
failulc  as idclltificd  in Fig XX, ‘1’hc ttcthil]g and hr idgc
thichcss  mcasurcmcals  as a fanc(ion  of gl”id diameter arc
f,ivcn ill Fig. 18, “1’hc  \~cbbing da ta  sug[:cst  a slight
thinning of tbc accclcralor grid has occarlcd at the it~ncr
radii, ‘1’llc brid~c thickness dccrcascs  rapidly as tlIc cc.ntct
of the fyid is approached. ‘1’hc diffcrcncc  the briclgc
Illickl]css  and an assumed value fol tlIc oIi~inal  accclcla(or
fyid \\’ebbing tllickl~css  of 360 I(IH gives tl)c bridsc  closioll
dcp(ll  \\’llich  is plot(cd  in J:i~ 19 as a fuaclioa of dialllctcr.
‘1’hcdatainl;igs,  ltlaad  19appcar locxllibi(  nIorcscat(cras
IIIC cclllcr  of IIIC Slid is appl-oacllcd,  ‘1’his  is bclicicd  10
rc]~rcsc]~t:itii’c  oftllcactl]al  grid ~comctryand 1101 an altifact
of tllc  mcas~l~calcn( tccllniqoc.  A possib]c  cxplana[ioa  for
this  ]l]ay bc tied to IIIC fact thal tl]c ccn(cr  region of tlic

accelerator ~[id IIas cxpuicnccd llIC F,rcatcsl mass rclnoval.
Al this location subslalltia]  c]uantitics  of lnolylticllum  ba\rc
hcc]ldcl)ositcd  o]~tlic  accclcralorgiid,  ‘J”llcsc  dcposi[scaI]
folja s[l[]c[lltcs!~l]icll  pIotIuclc  itlto (1IC  scrcca grid hole as
SIIOJIVI inl:i~,  21. Such j~rotrl}dil]g  s(rllc(~lrcs  catldis((jl[  the
ion bcamlct  and may result in asylnmctric Crosioll  of the
bIidp,cs,

III tllc accelerator ~rid crosioa  model F,ivcn by liq:  (3) it
is assulnccl tlmt tl)c e r o s i o n  patlcrn rclllaias  within  Ibc
oti~inal  pi(s  & grooves pallcra  \\hicb is cs(ab]ishcd  aflcl
Iclativcly  sllott tcs( duiations.  As the pits erode cotnl)lctcly
tbl(mgll (IIC glid tl~c ions which USCCI to s(rikc the grid at this
location IIIUSI l)o\vst~ikc  tbccrid  somc\\lIcIcclsc  (in order
for tlIc accc]c]ator ~rid curlcnt  to remain ullcllangcd  as SCCII
inl~ig. 6), Somcofthcsc ion pass through the ncw]yforlncd
IIOICS and get turned around by the electric field bdwccn the
SCICCII  a[)d accelerator ~rids and .sIrikc tllc accclc~ator  glid
OH the upstream side forming Ihc chamfers SIIOWH in IJi~.
14. I’l)c cllamfcrs  do not, llo\\c\’cr,  Icprcscnt  a substantial
amoua(  of c~osiml compared to Ihc enormous pits \\ ’l~ich
g,ro\vil]  tllcdircc[ion  oftl)cbriclgcs,  Tllissugp,cs(s  tllataficr
the pi(s  initially wear through the grid (IIC newly formed
IIolcsdislorl  tl]c local clcclric  ficl(is  sll~lciclllly  torcslllt  in
tlIc rc.direction of tbc cbargc-cxcbangc  ions onto the
~clnailiing  grid wrcbbing in tl]c grocwcs. As tllc  pits gIo\v
along the grooves in ihc dircclion  of the bridges, the
lcn]ainin  gsurfaccarcaofgrid  IIla(crial  ill the pits& grooves
paltcrl) dccrcascs causing the local ion current density to
il~crcasc.  “1’llis su~~csts  that the erosion rate of thcbridgc
should incrcasc as a function  of the local amount  of grid
crosioa.  That is, \vlIctl  mosl  of tllc pits & grocwcs  erosion
pallcra  has been croctcd though and only a small bridge
remains, (I1c rate at which the thickness of tbc bridge
c{ccI"cascs s]loll]cl  ~)c}liF,llcr l]lall\v]~cll  tl~c grid was relatively
l~c\\’alld  l]otllloilgl~~~its  IIad yet formed. ‘I’liis  sl~otlldtwtl~c
cascc\cllt  llo(l&llt  llcaccclcra(org ridcllrlctlt  isconslallt.

“1’hc brid~c erosion depth data as a fanctiol~  of dialnclcr
in l;i~, 19 can bc used to test this hypot]lcsis. T“hc data of
F’ig. 19\vc1-c.  allol)i:lil~cd  af(crtlic wll~ca]~~olll~t ofo1xratil~g
Iimc (633 hours), thus a bridge erosion rate could bc
obtaillcd bysitl~l~ly  di\'idil~g  tl~cscdata  bytllcrllt~till~c,  ‘1’his
pIoccdurc,  lIoncvcI-.  IIcglccts  the radial variation ia iol~
cuncnl clcmity.  ‘1’his c~cct canbc removed by dividingthc
hiclgc  crosio]l  dcptll profile by the nlass  loss profile flom
l’if, 16, ‘1’IIC rcsul(ing quanti(y  rcprcscn(s  tbcfraction of
tl~cc~oclccl  lnass~vllich  occurs  inthcbridgcrcgion.  Plotting
lllc rcsllltiI\g  \’:illlcsasa funclioliofthc local mass loss (in
p,/cln2)  ~i\cs tllc rcsul(s  sho\vIl  in }’i~. 21. If the l inear
t)li(lgc  closioll  ra[c\\crcc olls(al~t\  vitl)tilllc, thcntbcscdala
S]tould al] f:lll  oIl a horiy,onta]  line. I’hat is, a constant linear
blidgc cIosioll l“atc with tiInc,  imp~ics that l]IC fraction of the
c]osioa  lba{occursat  tllcbridgc  region iscons[ant  sincctllc
total  closioll  Iatc (i,c. io]l  flax) iscoIm\]lt. CIc:irly  (his is
1101 lIIC cascaIId  (IIC data ill I;ig, ?1 indica(c  tlIal astllc F,tid
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\vcars, a lar8cI  and lal-f,cr  flacliolt  of tlw crociccl Inass COIIWS
from llic 1)1 id~c rc~icm.

lkamkl l)istortioa

The dcposilioa  of substantial amoun(s  of malclial  on [Ilc
SCICCII  g[id call ha\’c adverse d-cm  beyond tlIc Imlclllial  to
ploctucc f l a k e s  \vllicll  caa shorl  tllc g[ids togc~hcr a s
ctiscosscct  carlict. ‘J’llis  material can also plojcct  into (I)c
Set-cca glict hole as \\’as sho\\m in F’ig, 20, and po(cntialiy
dislorl  tllc shape of the ion bcamlcl,  ‘1’l)c  bcamlc( dis(orlion
may bc sutllcicnt  to rcwlt in ctilcc( ion impillgcmcal  oa the
accelerator p,t-icl. l:i\’c damagcci  locations on (1IC accclcralor
g[ict (visible ia Fig 13) arc bclicvcd to bc duc 10 this effect,
I;rosicm  o f  (I1c accclclator  ~rid \vcliJing by clircc( ion
impingcmcld  may rcsul(  ia the forma(ion  of a larp,c hole ia
IIIC RI id which, in torn, Inay impail  lIIC f,ricl’s  ability 10
prevent clcclroa  bactcs(rcalui  n~, 3’his failure mechanism
coold potentially occur before the grid fails s(ruclorally.

implications for Accclcrator Grid I,ifc

“1’IIc da(a f~om llIC tcs(-to-failure il~ciicatc  the time to
structural failorc  of the accc]cra(or  ~rid by charge-cxchangc
ion erosion is considerably lCSS thaa calculations based on a
linear extrapolation of the bridg~c erosion MC obtait]cd  o\cr
rclalivc]y  short  Icrm Icsts.  “1’his is a result of the accelerator
gi id erosion pattern \vllich remains remarkably unchanged
(i.e. witllill  tlic  initial pits & fyoovcs pattern) c\cIl \vlIcn
mos(  of the material ia the area covcrc(i  by this pat(cn) has
been removed. A mode] based on these cspc.rimcntal
obscrwrtions  predicts  substant ial ly sllorlcr tilucs to
accclcm(or  grid smc(ural  failure. ‘1’here is carrclltly  a
substantial lack of kno\\Ocdgc  of lhc behavior of the kcy
parall~ctcrs  ia this mode], i.e., the croclcd  area frac(ion, IIIC
raclial  mass loss profile, and the accclciator  py id to beam
current ratio for space coalitions. ‘1’hc ctTccl  of this lack of
kllowlccl~c, a s  l\’cll  as intrinsic  v a r i a t i o n s  in tllcsc
paramctcls  has bcca quantified by l’elk, ct al. using
probabilistic lcchniqocs,

3’IIc erosion of substantial quantities of accelerator grid
Inatcrial  and the formation of relatively lar~,c  crodccl IIolcs
in the grid can lead tothcdcpositioll  of significant amoum
of n~olytdcnum  on the scrccn  p,rid.  l’hcsc  malclial  deposits
may subscqocntly  cause other ullclcsirab]c  cffcc(s,  such as
ancl iacrcasc in glid-to-grici  arcin{:, bcamlct  clistol  (ion, and
flakcformation\  vhiclicould  lcacttop[icl  failulc. I;laki]ip, of
accclcratorglicl  material sl)~l([crdcl)ositcclol~  tllcscfccn  giid
lcadtotllc  f:]il~lrc  oftllclAI'S:iccclcratol-  s!stcl~~ !CSICCI for
8000  hoo[s [lAl’S].

conclusions

“I’llcfollo\vilig  collclllsiolls  maybe s~lll~ll~ari~.cl~ascd on
the tcsl-to-failutc  dcscribcd  in this paper. ‘1’l]c  filst  failure
mccllanistl~  for tllcaccclcrator  is probably g,rid snorting duc
to tlakingof accelerator ~rid ll~atcrial sput(cr  deposited on
tllc SCICCII  ~,iid.  ‘1’hc sccolld  failotc  mechanism is prc)bably
loss of clcc(roa trackslrcamiag,  standofl  capability as a rcsalt
ofla!~c~rid gcoll~cti~rcllal~gcs.  Possib]y duc to chaagcs  in
lllchatl~lcl  fwtlsil~g  asa rcsultof  accclcratorp,rid  matcria]
sputter deposited on the scrc.ca grid, T’bird failure
Incclmaisln is probably slructwal  failure. ‘1’hc accclcra(or
glicl  clmrgc cxcllangc  erosion lcluains  largely within the
inilial ~)i(s&grm\'cs  crosioll  pa(tcrl] c\'cll\\'llcll  lllost  oftllis
lllatcrial  is rcmovccl. “I’llccrosiol~  ratcat  thclocatioa oftllc
“brid~cs” on lhc accelerator grid incrcascs \\’itll time.
opc[atiol]  at tinitc  vacuum  chamber prcswcs  inclcascs  the
fta(ncss ofthcaccc]crator grid mass loss profile relative to
that which would  bc cxpcctccl in space. Iiinally,  the kcy
lmranlctcrs  ill dctcrlninillg  tllc accclciator  ~lid life at a {;ivcn
applicdvol(agcalc  tllcaccclcrator-to-twain curlcllt  ratio, [I)c
eroded area fractioa, aad the raclial mass loss profllc.
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‘1’able 1 Nominal Opcratit)g l’aramcter for the Tcs(-to-l~ailnrc—. ———.. _—. _ , _
Parameter Value

IIeam  Chrrcnt 2,8 A
Scl-ccn Grid Voltage_.. & .—— -–. 1050 v.

-_ Avgagc_Accclerat~r  Grid OIIrcnt 35 nlA
Accclcrator Grid V o l t a g e -500 v _--— ----- --

~IliscJlargc  Olrmjt 10.8 A
_ 1 )ischgrgc V!!tag?.

43 v -–— . .

Coq)ling VoltqgC_ .  .  . -20 v—- ..— .——.
Main IIIow Rate 3 s Seem—..—_

_Cathoclc Flow Rate >-’sCcIll
N&tralizcr I;1ow Rate 5.8 Sccnl-.. .—.
‘1’ank Pressure Corrcctccl for KIypton  - 3.5t04.1x10TPa

“J’al)lc 2 Grid Masses

Total
Date Accunmlatcd Scrccn Grid Accxlcrator Accclcrator

Run ‘1’imc Mass G id hlass Systcm h4ass
(hours) ~@ @

10123/92 o 1725.1 702.5 2428.4
12/9/92 145 -.--- ----- 2419.9
1/1 5/93 633 1732.5 659.8 2392.8

Net Clangc ------ + 7.4 -42.7 -35.6

‘]’able 3 Accclcralor  Grid Mass I,OSS l)istribu(ion

Ring 1 nncr olltm h4ass aflcr 633 Calculated llstimatcd h4ass
Number Radius Radius hours h4ass When 1 ,0ss Pcr Unit

mm) (mm) (G)1 Ncw (g) Area (g/CIJ)
1 0 12.7 0.6939 1.44 0.155
2 13.0 38.1 5.8422 11.54 0.147
3 38.4 63.5 11.8252 23.08 0.146
4 63.8 88.9 18.844 35.56 0.138
5 89.2 114.3 28.55 45.17 0.118
6 114.6 139.4 43.8 57.04 0.080
7 139.7 N/A* 548.2 N/A

*lncluclcs accc]crator grid stifl’cning l-in~.
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‘J’alJlc 4 l’h-odu] Awa l’rac(ion for the “J’est-to-lrailure——.. —
1 .ocation ‘1’otal Run ‘1’imc lhmdcxi Area Fraction

(hours) a
Gmt  cr 14s 0.50
Center 633 0.48

Mid-radius 633 0.50
I’XSC 633 0.49

I’al)lc S Comparison of 2-Grid, l,ong Duration ‘J’ests

l’aramctcr ‘l’cst-to- 1 .cRC 900-hr 1 ,cI{C 500-hr
l:ailure ‘1’cst at 5.5 kW ‘1’cst at 10 kW

‘] ’hlLIStCr J ]

Ref.  [xx] . ..l~cf.pq-. ..—. .—
l’rqcllant ~,, xc IIg, xc. . . -—.
~’ank Pressure (Pa) 3.5104.1 1.7X 10-~ ‘-”-””’ -- ‘--13 x 1 o-~

x 1 o-~ m~..-... . . .. —.—— .——
Acccl. Grid Volta:c -500 -330 -500

_spGj_6zc<;G)t __T_.._... .._ . ..—._.__.. — -----
,. -. 17.4 47

_(m.4J
IIuration-(hrs) 633 960 567 (Xi)

5300 (Ilg)
——- -——.—.——

Acccl. Grid I101c l)ia. 1.14 1.14 1.s2

}Ig, xi
8.7 x“”io-~
_-.@!) -----

-308

5

-6200 (llg)
-200 (xc)

1.14
- (mm)——.-—————

Center-to-Center 1 IOIC 2.21 2.21
.—
2.21 2.;21

__sp@w (nml) _._.. _________
~~rodcd Area Fraction 0.50 0.40 0.s4 0.46
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